CONVERSION FACTORS, VERTICAL DATUM, SYMBOLS, AND MACHINE-READABLE FILES

Symbols used in this report: bo
The change in balance between the minimum balance near the beginning of the water year and October 1. b\
The change in balance between the minimum balance near the end of the water year and September 30. Z>a
The change in snow, firn, and ice storage between the beginning and end of some fixed period, which here is the water year. bm (s)
The snow above the previously formed summer surface as measured directly by field work in late spring as near as possible to the time of greatest glacier mass. bn
The change in snow, firn, and ice storage between times of minimum mass. Z>x (s)
The maximum of snow mass during the balance year, q River discharge. S River stage. X Approximate east/west position in the local survey net. Y Approximate north/south position in the local survey net. Z Altitude above sea level.
Machine-readable files:
Most of the data contained in this report have been recorded on easily copied computer media. This machine-readable material is available from the World Data Center, Campus Box 449, University of Colorado, Boulder, CO 80309.
INTRODUCTION
South Cascade Glacier is a small valley glacier near the crest of the North Cascade Range, Washington State ( fig. 1 ). Numerous variables relating to the glacier regime have been measured on and near South Cascade Glacier since the late 1950's. The long-term goal of this project is to understand the climate-glacier relation. A short-term goal is to document the measurements with sufficient detail so that an internally consistent record of conditions on and around the glacier can be assembled despite personnel changes, discontinuous records, and changing methods of data collection and analysis. Some periods of record at South Cascade Glacier have been documented. Work from 1957-64 is described by Meier and Tangborn (1965) , work from 1965-67 is described by Meier and others (1971) and by Tangborn and others (1977) . Hydrologic and meteorological data for 1957-67 are presented by Sullivan (1994) . Mass balance results are summarized by Krimmel (1989 ) for 1958 -85, and are presented in detail for 1992 -95 (Krimmel, 1993 , 1994 , 1995 , 1996a . The purpose of this report is to document the measurements of the 1996 balance year that are relevant to the relation between South Cascade Glacier and climate. These measurements include those of basin runoff, precipitation, air temperature, snow thickness and density, ice ablation, and surface altitude.
The mass balance program at South Cascade Glacier is part of a larger U.S. Geological Survey (USGS) effort to monitor glacier mass balance throughout the western states. Mass balance at two other glaciers, Gulkana Glacier and Wolverine Glacier, both in Alaska, is also monitored by the USGS. South Cascade Glacier is considered to be a "benchmark glacier" as described in Fountain and others (1997) .
Several variables are measured continuously: in this report, the records of these variables are truncated to the water year, October 1, 1995 through September 30, 1996 . When information concerning these variables is required, but is outside of the WY, the required data are discussed. The continuous measurements may be stored on analog recorders, which give a continuous trace of the variable; on digital recorders, which store either instantaneous values, or for some variables a value that is averaged over some time interval; or are transmitted to Tacoma, Washington with a satellite link using a data collection platform (DCP) near the sensors. Some variables are stored simultaneously on both analog and digital recorders.
Air temperature was measured at the Salix gaging station with a DCP, at the South Fork gaging station with both a DCP and an analog strip chart recorder, at the Middle Tarn gaging station with a DCP, and at the Hut ( fig. 1 ) with a digital recorder. Each of these records is shown graphically ( fig. 2) . Temperature was sampled once per hour at each station and temperature is estimated to be accurate to ±1°C. Daily maximum (highest of the 24 hourly readings), minimum (lowest of the 24 hourly readings), and mean temperatures are given in tables 1-4.
Precipitation was measured at Salix and Middle Tarn gaging stations ( fig. 3 ). Tipping bucket gage catch was accumulated for 1 hour and recorded with a DCP. Both gage orifices were 200 mm in diameter and neither had wind screens. The precipitation gages are sensitive to 0.024 mm of precipitation. Precipitation is known to vary significantly over short distances, especially in areas of high relief. Wind is also known to influence the catch of precipitation gages. These gages were in operation intermittently over the entire year, but no attempt was made to heat the orifices so that snow would pass to the tipping buckets. No attempt has been made to correct the measured precipitation for any of these influences. Daily total precipitation gage catch is given in tables 5 and 6.
Salix Creek stage was recorded on a DCP and an analog strip chart. The recorders share a single float-driven stage sensor. South Fork Cascade River stage was digitally recorded, and recorded on an analog strip chart in an independent well. Middle Tarn stage was recorded with a DCP and with a digital recorder. The recorders share a single float-driven stage sensor. These stage records are shown in figure 4. The stage recorders are sensitive to ±3 mm and are estimated to be accurate to ±3 mm.
Barometric pressure was recorded at the South Fork gaging station ( fig. 2 ).
Intermittent Measurements
Snow depth and density, snow, firn, ice ablation and river discharge measurements are made during site visits several times a year. Instruments and facilities are serviced during these visits as well.
Snow depth was measured by probing at numerous locations on May 24, 1996 (fig. 5, table 7) . Snow density was measured with a snow tube along an 8-point snow course near the South Fork gaging station on May 24, 1996 (table 8) and in a snow pit with a coring auger near P-l ( fig. 1 ) on May 24, 1996 (table 9). The snow density measurements were used to convert the snow depths to water equivalent (WE).
Aluminum stakes with wood bottom plugs, 33 mm in diameter, were set into firn or ice on May 24, 1996 at the stake 2-96, 3-96, 4-96, and 5-96 locations on the glacier ( fig. 1 ). The level of snow, firn, or ice was recorded at these stake locations several times during the year (table 10, fig. 6 ). The stake 1 location ( fig. 1 ) was marked and subsequent snow depths were measured by probes at the exact location. Stakes 4-95, 2-95, and 2-94 (fig. 1, table 10) had been set in prior years, but as the seasonal snow melted were recovered and used as measurement sites in 1996.
Aerial photography provided a record of the condition of the glacier on September 10, 1996 (fig. 7) . Stereo aerial photography is used to make measurements of the size and shape of the glacier, and location of transient snowlines. A digital elevation model (DEM) of the glacier was formed by photogrammetric measurement of altitude at a regular 100 m spacing over the area of the glacier. Because it is difficult to make an accurate altitude measurement on a stereo model when the surface is nearly featureless snow, the 1996 DEM was not changed from the 1995 DEM in areas where the glacier was snow-covered5 . The DEM, the altitudes of which are estimated to be accurate to ±1 meter, is shown in figure 8 and table 11. The terminus of the glacier ( fig. 9 ) was delineated from the photographs by measuring the locations of numerous points along the edge of the feature. The location of the points is estimated to be accurate to ±1 meter. The area of the glacier near the end of the 1995 balance year was 2.034 km2 (Krimmel, 1996a) . Assuming that the area of the glacier south of Y=3,200 m is unchanged since 1995, the area of the glacier near the end of the 1996 balance year was 2.015 km2. The terminal ice retreated from its 1995 position almost everywhere along the terminus, and the retreat from 1995-96 was subjectively averaged to be 15 m ( fig. 9 ). The end-of-year snow-and ice-covered area within the South Cascade Glacier basin was considerably greater in 1996 than in 1995 because more snow remained at the end of the 1996 balance year. The area of this snow cover was not measured, but is readily seen by comparing the vertical photographs of the glacier in the respective years (for example, Krimmel, 1996a, fig. 7 ).
The transient snowline is clearly visible on the October 9, 1996 oblique photograph (cover), and the position of that transient snowline is shown on figure 1. Because there was little or no melt after October 9, that snowline is considered to be the equilibrium line. The average altitude of points spaced at regular intervals along the highest snowline is the equilibrium line altitude, 1901 m. The ratio of the accumulation area to the total glacier area was 0.40 in 1996.
DATA REDUCTION
Salix Runoff
Salix Creek stage measurements are converted to instantaneous discharge values through use of a stage-discharge rating equation. Instantaneous discharge values are averaged for each day and converted to a basin-averaged daily runoff ( fig. 10, table 12 ). The stage-discharge rating at Salix Creek is controlled by a weir supported by bedrock and no visible changes occurred during the year, thus the rating curve used to convert stage to discharge was the same that has been used since the measurements began in 1960:
q=S2'57 *2.71
where q is discharge in cubic feet per second and S is stage in feet. The Salix well was frozen briefly in December, and again in January and February, resulting in lost record. (Equations for the rating curves are given in English units for the convenience of the author and reader, as the original stage data are in feet and the machine-readable files are in feet. Except in these two instances, stage has been converted to meters).
South Fork Cascade Runoff
South Fork stage measurements are similarly converted to instantaneous discharge values, which are averaged for each day and converted to a basin-averaged daily runoff ( fig. 10, table 13 ). The controlling weir is built on glacial outwash and moraine material and is known to be unstable. Visual inspection of the weir and surrounding foundation and diversion walls indicated that changes did occur in 1996, but the two discharge measurements made in 1996 did not justify a new rating curve for 1996. The rating curve used to convert stage to discharge was that used in 1995. The South Fork gage instrumentation failed in early November until mid-February, and again briefly during May, resulting in lost record. Because of suspected changes in the control during the year, the errors in the South Fork discharge calculations may be ±20 percent of the calculated daily values.
Middle Tarn Runoff
At Middle Tarn, stage measurements were converted to discharge ( fig. 10, table 14) , using a rating equation determined from 14 discharge measurements made between September 8, 1992 and September 16, 1994 The Middle Tarn well was frozen from early December until mid-May resulting in lost record.
Precipitation
The Salix and Middle Tarn precipitation gages were in operation during all of WY 1996. Incremental precipitation was accumulated for each day, and the daily total precipitation is shown graphically in figure 3 , and in tables 5 and 6.
Middle Tarn and Salix daily total precipitation measurements are cross correlated in figure  11 , which indicates that precipitation is slightly greater at Salix, and that precipitation is often very different between the two sites. Salix may only appear to be wetter because it is normally warmer at Salix than at Middle Tarn, and rain is more reliably measured than snow. Neither precipitation measurement site is considered to be necessarily representative because of local variations in precipitation, the difficulty of measuring precipitation when it is windy, or when the precipitation occurs as snow.
MASS BALANCE
Winter Balance
Weather in May of 1996 was cloudy, with frequent precipitation, and access to the glacier was difficult. The glacier was visited briefly on May 21, and again on May 24 when most of the snow measurements were made.
Snow density and depth were measured at the P-l ( fig. 1 ; 1,842 m altitude) index station; a pit was dug through the upper 1.34 m of snow, and a coring auger was used below that depth. The entire snowpack was isothermal. Total snow depth at the density measurement site was 5.90 m, and bulk density was 0.504, for a water equivalent (WE) of 2.98 m. The core was continued an additional 0.34 m into the previous year's material, which had a density of 0.89. Stake 2-96 was set into the resulting hole.
Snow density was measured near the South Fork gaging station at the 1,618 m altitude at three places along a snow course. Average bulk density was 0.55, and the average of eight depth measurements was 1.52 m, for a WE at the snow course of 0.84 m.
Snow depths were measured at numerous other places on the glacier (fig. 5) using a probe rod. Probing was easy over the entire glacier and almost no ice layers existed in the 1996 snowpack. The buried 1995 summer surface was unambiguous, and could be identified as an impenetrable surface under a few centimeters of soft depth hoar. Probe locations were determined with a non-differential Global Positioning System unit (GPS) coded to allow maximum resolution of the system. The GPS usually indicated a ±20 m error. Altitude of the probe locations ( fig. 5 ) was recorded by the GPS, and was also measured photogrammetrically (at the GPS-derived location) on the 1995 stereo models. The GPS and stereo model-derived altitudes always agreed within 10m, and the stereo model altitudes were used for balance calculations.
The measured snow depths were plotted with their respective altitudes ( fig. 12 ), and a curve was hand-drawn through those measured points. Points along the hand-drawn curve (table 15) were used to interpolate a snow depth at each of the 201 grid points of the 1995 DEM. A linear relation between the two measured densities was used to determine the density at each DEM grid point, which, when multiplied by the snow depth, was the balance at the grid point. The average of the grid point balances is the measured winter snow balance, Z>m (s), 2.94 m WE.
The maximum winter snow balance for 1996 was assumed to be equal to the winter snow balance measured during late May, Z>x (s). Often, winter snow balance is adjusted by considering spring runoff, temperature, and precipitation, but snow conditions during spring 1996 indicated that such an adjustment was unnecessary.
Net Balance On September 10, 1996, cores were taken at stake 1 and several other locations in the accumulation area ( fig. 13 ). Ablation continued after September 10, and these measurements were adjusted to a minimum balance value (table 10) at each point using measurements at stakes 1, 2 and 4 on October 9, 1996, when there was no fresh snow on the glacier. The final visit to the glacier in 1996 was on October 30 after up to a meter of fresh snow covered the glacier. Measurements to the summer ablation surface on October 30 indicated that very little ablation took place after October 9. The minimum balance values are plotted against their respective altitudes ( fig. 14) . A hand-drawn smoothed curve through the points was used to develop a table for interpolating balance at any altitude (table 16 ). The grid-index method used for the winter balance calculation and in prior South Cascade balance reports (Krimmel 1996b ) is also used to calculate the 1996 balance year net balance, Z>n , for South Cascade Glacier of 0.10 m.
Balance Year to Water Year Adjustments
The final balance increment, b\, for the 1995 balance year was estimated at -0.05 m WE (Krimmel, 1996a) . This value is the initial balance increment, Z>0 , of the 1996 balance year.
Above-freezing temperatures dominated in early October 1996. Rain fell on October 4-5, then dry mild conditions dominated until October 11. Rain began on October 11, and by October 13 below-freezing temperatures were recorded at all stations, and snow covered the entire glacier.
The storm of October 11-15,1996 ended the 1996 balance year. The last balance measurements of the 1996 balance year were on October 9, 1996. Ablation between October 1 and 11 was estimated from the precipitation, temperature and runoff records to have averaged 0.15 m over the glacier area. The final balance increment, b\, is thus -0.15 m.
The annual balance, £a , is defined by Mayo and others (1972) as the change in snow, firn, and ice storage between the beginning and end of a fixed period, which here is the water year.
The measured values of bo, b\, and bn at South Cascade Glacier for the 1996 balance year can be used to derive the annual balance, £>a , where b& = bn + bo -b\ = 0.20 m.
Balance Measurements Errors
Errors in glacier balance measurements are difficult to quantify. In prior years of balance measurements at South Cascade Glacier, error values ranging around 0.10 m were placed on the balance values (Meier and others, 1971) . For 1965 and 1966, more information was used to derive the balances than in 1992-96. The availability of less information in 1996 would suggest that greater errors should be assigned to the 1996 balance. This relative paucity of data for 1996 is offset somewhat, however, by the experience gained since the mid-1960's, when 20-30 ablation stakes were used and it was found that spatial variations in balance were similar from year to year (Meier and Tangborn, 1965) . Estimated errors are &m (s), &x (s), and bn , ±0.20 m; bo and b\ t ±0.05 m; and the calculated error for b* is ±0.21 m. Although other factors that affect the balance, such as internal accumulation of ice, superimposed ice, internal melt, and basal melt, are possible, they are not considered in this report. These unknowns are thought to be small and do not change the error estimations. 1989 1975 1971 1972 1985 1992 and Tangbom (1965) and Krimmel (1995 Krimmel ( ,1996a Paily maximum, mimmum, and average air temperature, in degrees Celsius. The temperature is sampled once an hour at the Salix Creek gaging station ( fig. 1)] Nov.
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